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ABSTRACT
We present precision transit observations of the Neptune-sized planets K2-28b and K2-100b, using the Engi-
neered Diffuser on the ARCTIC imager on the ARC 3.5m Telescope at Apache Point Observatory. K2-28b is a
Rp = 2.56R⊕ mini-Neptune transiting a bright (J=11.7) metal-rich M4 dwarf, offering compelling prospects for
future atmospheric characterization. K2-100b is a Rp = 3.45R⊕ Neptune in the Praesepe Cluster and is one of
few planets known in a cluster transiting a host star bright enough (V = 10.5) for precision radial velocity ob-
servations. Using the precision photometric capabilities of the diffuser/ARCTIC system, allows us to achieve
a precision of 105+87−37ppm, and 38
+21
−11ppm in 30 minute bins for K2-28b, and K2-100b, respectively. Our joint-
fits to the K2 and ground-based light-curves give an order of magnitude improvement in the orbital ephemeris
for both planets, yielding a timing precision of 2min in the JWST era. Although we show that the currently
available broad-band measurements of K2-28b’s radius are currently too imprecise to place useful constraints
on K2-28b’s atmosphere, we demonstrate that JWST/NIRISS will be able to discern between a cloudy/clear
atmosphere in a modest number of transit observations. Our light-curve of K2-100b marks the first transit
follow-up observation of this challenging-to-observe transit, where we obtain a transit depth of 819± 50ppm
in the SDSS i′ band. We conclude that diffuser-assisted photometry can play an important role in the TESS era
to perform timely and precise follow-up of the expected bounty of TESS planet candidates.
Keywords: techniques: photometry, planets and satellites: fundamental parameters
1. INTRODUCTION
The original Kepler mission (Borucki et al. 2010) discov-
ered a wealth of exoplanets, yielding illuminating insights
into the occurrence rates of exoplanets of different sizes
(Dressing & Charbonneau 2015; Petigura et al. 2013; Burke
et al. 2015; Hsu et al. 2018), the properties of multi-planet
systems (Lissauer et al. 2011; Fabrycky et al. 2014) and ex-
oplanet mass-radius relations (Weiss & Marcy 2014; Wolf-
gang et al. 2016; Chen & Kipping 2017). However, due to the
faintness of the average Kepler planet-host, most exoplanets
discovered with Kepler are not readily characterizable with
facilities from the ground. There is a pressing need to detect
such planets, as they can give us further insights into the exo-
planet mass-radius relation (Weiss & Marcy 2014; Wolfgang
et al. 2016; Chen & Kipping 2017), further refine the struc-
gudmundur@psu.edu
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ture of the exoplanet radius gap (Fulton et al. 2017), and are
the most favorable for further study with atmospheric trans-
mission spectroscopy (e.g., Kempton et al. 2018).
Since 2014, the re-purposed Kepler mission, K2 (Howell
et al. 2014), has shifted Kepler’s gaze to observe a larger
fraction of planet-hosts that are more readily characterizable
than from the original mission—namely to observe a larger
fraction of brighter stars and a larger fraction of M-dwarfs.
Since then, K2 has revealed a wealth of small planetary sys-
tems, including the sub-Neptunes HD106315c (Crossfield
et al. 2017; Rodriguez et al. 2017; Lendl et al. 2017) and HD-
3167c (Vanderburg et al. 2016), given more insight into plan-
ets in clusters of different ages (e.g., Mann et al. 2016, 2017),
discovered more ultra-short period planets (e.g., Malavolta
et al. 2018; Dai et al. 2017; Adams et al. 2017) and warm
Neptunes and Jupiters (e.g., Shporer et al. 2017; Yu et al.
2018).
Further extending Kepler’s and K2’s legacy, the primary
goal of the Transiting Exoplanet Survey Satellite (TESS)
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(Ricker et al. 2014) is to find small planets that are most
amenable for follow-up observations from the ground. One
of the mission requirements of TESS is to measure the
masses of 50 exoplanets with radii less than 4R⊕. To do
so, TESS will survey the nearest and brightest stars across
the night sky for transiting exoplanets, observing most of the
sky for at least 26 days. The expected yield from TESS has
been studied by many groups (e.g., Sullivan et al. 2015; Bar-
clay et al. 2018; Ballard 2018), and all groups predict that
TESS will discover a multitude of exoplanets orbiting bright
stars: hundreds of planets larger than Neptune and dozens of
Earth-sized planets.
While TESS will help transform our understanding of
the diversity of exoplanet systems around the closest stars,
ground-based follow-up observations will play a key role in
maximizing the scientific yield from TESS. In particular, pre-
cision transit follow-up photometry will be important in a
number of ways.
First, precision photometry can be used to update orbital
ephemerides, which will be essential for efficient scheduling
for transit spectroscopy with JWST. For long-period plan-
ets, ephemerides refinement will be particularly important, as
uncertain ephemerides are the main limitation to efficiently
study these objects (Wang et al. 2015; Dalba & Muirhead
2016). Additionally, planets with detectable Transit Timing
Variations (TTVs) will allow us to gain key insights into the
distribution of masses and composition of planets in such
architectures (Agol et al. 2005; Holman & Murray 2005;
Mazeh et al. 2013). Furthermore, obtaining precision pho-
tometry across different band-passes can be used as a planet
confirmation tool (Tingley et al. 2014) and a method to ob-
tain further information about the host star from the transit
itself (Sandford & Kipping 2017). Additionally, Villanueva
et al. (2016) predict that there will be 1218 single-transit
events expected from TESS light curves, where 90% of these
events will have transit depths deeper than 1mmag, making
them amenable for photometric transit follow-up from cur-
rent ground-based observatories. While space-based obser-
vatories such as Spitzer have played an important role in con-
ducting timely follow-up of exciting transiting systems (see
e.g., Benneke et al. 2017; Beichman et al. 2016), the sheer
number of expected planet candidates from the TESS sample
produces a great need for high precision photometric instru-
ments from the ground.
However, achieving high-precision photometry from the
ground is difficult. Ground-based observations are subject
to a number of limitations due to the day-night cycle, at-
mospheric effects, scintillation, transparency variations, dif-
ferential extinction, seeing, and telescope-guiding effects
(Mann et al. 2011; Stefansson et al. 2017). Beam-shaping
diffusers (Stefansson et al. 2017) are emerging as an efficient
and low-cost technology to provide stable high-precision
photometry from the ground. These diffusers are nano-
fabricated devices capable of molding the input starlight into
a broad and stable top-hat image spread over many detec-
tor pixels. Spreading the light over many pixels in a stable
manner allows us to minimize inter-pixel sensitivities on the
detector and also allows us to increase exposure times and
thus gather more photons. The additional increase in expo-
sure time—and thus duty cycle—allows us to further better
average over scintillation errors. Diffusers have now been
used successfully at a number of telescopes (Stefansson et al.
2017; Morris et al. 2018) and are actively being incorporated
for high-precision photometry applications at a number of
different observatories (Stefansson et al. 2018 in prep).
In this paper, we present diffuser-assisted photometric
follow-up observations of two K2 planets: K2-28b and K2-
100b first detected by Hirano et al. (2016) and Mann et al.
(2017), respectively. The transit observations in this pa-
per were performed using Engineered diffuser (Stefansson
et al. 2017) on the Astrophysical Research Council Telescope
Imaging Camera (ARCTIC; Huehnerhoff et al. (2016)) on
the 3.5-meter Astrophysical Research Council (ARC) tele-
scope at the Apache Point Observatory (APO). We reana-
lyze the K2 data of both planets using the Everest 2.0 (Luger
et al. 2017) pipeline and combine the K2 data with our
ground-based data to update the system parameters and or-
bital ephemerides.
K2-28b (EPIC 206318379) was confirmed by Hirano et al.
(2016) as a transiting Neptune-sized planet (Rp = 2.56R⊕) us-
ing data from K2 Campaign 3, along with a combination of
multi-band transit observations in the optical and NIR, low-
resolution spectroscopy, and high-resolution adaptive-optics
(AO) imaging. K2-28b is on a P = 2.26 day orbit around
an M4 dwarf host star and has a similar radius and stel-
lar irradiation to the well-studied GJ 1214b (Hirano et al.
2016). Given the brightness of its host star in the near-
infrared (mH = 11.03) and its relatively deep transit depth
(6-7mmag), K2-28b is among one of few transiting planets
around mid-to-late M dwarfs that facilitates precise follow-
up observations, and has been discussed as a prime target for
future atmospheric studies with the James Webb Space Tele-
scope (JWST) (Hirano et al. 2016; Chen et al. 2018).
K2-100b (EPIC 211990866b) is a Neptune-size planet
(Rp = 3.45R⊕) on a P = 1.67day orbit around its Teff = 6120K
host star in the 800 Myr Praesepe cluster, originally discov-
ered by Mann et al. (2017). Given the brightness of its host
star (V=10.65, J=9.46), K2-100b is one of few planets known
in a cluster amenable for precise RV observations, leaving
most other planets in clusters difficult to measure at-best
(Mann et al. 2017). Planets in clusters are compelling lab-
oratories to test planet-formation and evolution models and
are advantageous targets for precise planet-parameter estima-
tions, as the properties of their host stars are generally better
constrained than for their field-star counterparts (Mann et al.
2017; Obermeier et al. 2016).
This paper is structured as follows. Section 2 describes
our diffuser-assisted transit follow-up observations of K2-
28b and K2-100b with the ARC 3.5m telescope at APO.
Section 3 describes our data reduction and calibration meth-
ods. In Section 4, we discuss our transit fitting of the K2 and
ground-based light curves, and we present our main results
in Section 5. In Section 6, we provide a further discussion of
the importance of our ephemerides updates in the context of
the JWST era, and discuss the possibility for future observa-
tions of these targets with radial velocity observations. We
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provide a short summary and conclusion of our main results
in Section 7.
2. DIFFUSER-ASSISTED OBSERVATIONS
2.1. Diffuser-assisted photometry
We provide a brief discussion of diffusers here and refer
the reader to a detailed discussion of diffusers and their ap-
plication to precision photometry in Stefansson et al. (2017).
The diffuser available on ARCTIC is a customized En-
gineered Diffuser from RPC Photonics1. Specifically, the
ARCTIC diffuser is a 150mm-wide polymer-on-glass dif-
fuser, produced using a precise laser-writing process. This
laser process uses a modulated Ultra-Violet (UV) laser on a
precision XY stage to write a structured pattern on a pho-
toresist master, whose micro-structures are engineered to de-
liver a given diffusion angle and an a desired output PSF. The
ARCTIC diffuser is engineered to produce a diffusion angle
of 0.34◦, and delivers a fixed top-hat 9′′ Full-Width-At-Half-
Maximum (FWHM) PSF across the full field-of-view (FOV)
on the ARCTIC detector. Being relatively inexpensive to
make once a design and a master have been fabricated, sim-
ilar Engineered Diffusers are available off the shelf with a
wide range of opening angles, that can be relatively easily be
adapted for use on telescopes large and small for precision
photometry applications. As such, diffusers are now being
tested and incorporated at a number of different telescopes
and observatories for precision photometry—especially with
TESS follow-up in mind, which will be further discussed in
Stefansson et al. 2018b in prep.
2.2. Observations
We observed K2-28b on 2017 June 27 from 08:00-11:00
UT using the 3.5-meter ARC telescope at APO, using the
SDSS i′ filter and the Engineered Diffuser. K2-28 is a metal-
rich M4-dwarf that has a V magnitude of 16.06, and SDSS
i′ magnitude of 13.9 (Hirano et al. 2016). The target rose
from airmass 2.19 at the start of the observations, to airmass
1.32 at the end of the observations. The night was nearly
photometric, with seeing at 1′′ at the beginning of the night.
Due to the faintness of the target, we used ARCTIC in 4×4
binning mode. To minimize readout time and optimize the
observing efficiency we read out the ARCTIC detector in
quad-amplifier and fast-readout mode, yielding a 2.7s read-
out time. We set the exposure time to 30s to reach ∼5,000
peak counts per pixel for K2-28, resulting in a total observing
cadence of 32.7s. We obtained 51 bias and 21 dark frames,
along with 51 dome flats to correct the data following stan-
dard procedures outlined in Stefansson et al. (2017).
We observed K2-100b on 2018 March 16 from 03:00-
06:00 UT using the 3.5m telescope at APO using the SDSS
i′ filter, and the Engineered Diffuser. K2-100 has an r′ mag-
nitude of 10.373, and SDSS i′ magnitude of 10.22 (Zacharias
et al. 2012). The target rose during the night, starting at
airmass 1.17, peaking at 1.02 at the meridian, and ending
at airmass 1.17 at the end of the observations. We initially
1 https://www.rpcphotonics.com/
set the exposure time to 15s, but changed it to 14s after 15
minutes of observations to keep the peak counts in the tar-
get within the linear regime of the detector (< 55,000 counts
per pixel). To maximize the observing efficiency similar to
the K2-28b observations, we obtained the K2-100 exposures
in ARCTIC quad-amplifier fast-readout 4×4 binning mode,
resulting in a mean observing cadence of 15.7s. The night
was non-photometric, with a seeing of 3′′ at the start. We
obtained a set of 25 biases and 101 dome flats for standard
calibrations following Stefansson et al. (2017).
3. DATA REDUCTION
We used the AstroImageJ software (Collins et al. 2017)
to reduce our photometric datasets, including the creation of
master calibration frames (bias, darks and flats), along with
using it to perform the photometric extraction. Before run-
ning the photometry through AstroImageJ, we tried cleaning
both of our ground-based datasets for cosmic rays using the
astroscrappy package which uses the Laplacian-edge
cosmic-ray rejection algorithm presented in van Dokkum
(2001), and found that it improved the photometry for K2-
28b, but not K2-100b. Therefore, we used the cosmic-ray
cleaned data for K2-28b, and used the uncleaned data for K2-
100b.
For our K2-28b observations, we performed differential
aperture photometry in AstroImageJ. Five reference stars
were used, two of which are of comparable brightness to the
target star and three of which are 30-50% of the brightness of
the target star. We found that the aperture setting that yielded
the smallest residuals was 18, 32, and 48pixels for the aper-
ture radius, inner annuli and outer annuli, respectively. After
removing an additional 10 significant (> 3σ) outliers present
in the data, we obtained an unbinned precision of 3830ppm.
For our K2-100b observations, five reference stars were
used in the photometric reduction process. Two of the refer-
ence stars were relatively faint (10-30% of the brightness of
the target star) while the other three were as bright as the tar-
get star. We tried a few different photometric apertures, and
observed that the aperture setting that gave the smallest resid-
uals was 20, 32, and 50pixels for the aperture radius, and the
inner and outer annuli respectively. The raw data showed a
slightly sloped light curve, and appeared to be affected by a
few clouds passing during the observations. We checked for
correlations with sky background, airmass, time, and X and
Y pixel centroid coordinates and found that detrending with
time would take out the slope. We simultaneously fit for this
slope in our MCMC fitting, as further discussed below.
4. TRANSIT FITTING
We modeled the transits in a Markov-Chain Monte
Carlo (MCMC) framework, using the affine-invariant emcee
Python package (Foreman-Mackey et al. 2013) to perform
the MCMC sampling. To calculate the transit model, we used
the batman package (Kreidberg 2015), which uses the Man-
del & Agol (2002) transit formalism.
We adopt the usual χ2 likelihood function to find the max-
imum likelihood solution. Before initializing the Markov
Chains, we used a differential evolution optimizer (Parvi-
ainen 2016) to find the global maximum likelihood solution,
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and then we initialize 100 emcee walkers in the vicinity of
this solution to sample the parameter space for 10,000 steps
each. Depending on the fit, we removed the first 2000 steps
as burn-in. We used the Gelman-Rubin test to check for con-
vergence, considering chains with a Gelman-Rubin statistic
(e.g., Ford 2006) within 5% of unity as well mixed. The re-
sultant posteriors were visually smooth and unimodal.
For each planet, we performed 3 fits: a fit of the K2 data,
a fit of the ground-based data, and finally a joint fit of both
datasets fitted simultaneously. For all fits, we followed the
suggestion in Eastman et al. (2013), using the following pa-
rameters as MCMC jump parameters: the logarithm of the
orbital period log(P), the transit midpoint TC, the radius ratio
Rp/R∗, the cosine of the inclination cos(i), and the logarithm
of the scaled semi-major axis, log(a/R∗), and finally a pa-
rameter describing the transit baseline flux. Following our
previous work in Stefansson et al. (2017), for all of the fits,
we assumed an eccentricity of 0 and fixed quadratic limb-
darkening parameters. We calculated the expected limb-
darkening parameters assuming a quadratic limb-darkening
law from Claret & Bloemen (2011), using the EXOFAST
limb-darkening calculator web-applet2. To calculate the limb
darkening parameters, we used the host star logg, Teff, and
[Fe/H] values listed in Table 1 for the Kepler and/or SDSS
i′ bands, depending on the observations being analyzed. Our
priors for our MCMC fits are summarized in Table 2, where
we opted to impose broad uniform priors on most jump pa-
rameters to give the walkers freedom to explore a broad range
of parameter space, and to impose a minimal prior bias on our
results.
We discuss our individual fits in further detail below. All
of the data analysis performed in this paper is captured in
Jupyter notebooks accessible on GitHub3.
Table 1. Stellar parameters for K2-28 and K2-100 used in this work. The stellar parame-
ters are adopted from Hirano et al. (2016) and Mann et al. (2017) for K2-28 and K2-100,
respectively. The limb-darkening parameters were calculated using the EXOFAST web-
applet for the different band-passes, using the stellar parameters in this table.
Parameter Description K2-28b K2-100b
M∗(M) Stellar mass 0.257±0.048 1.18±0.09
R∗(R) Stellar radius 0.288±0.028 1.19±0.05
ρ∗(ρ) Stellar density 15.2±2.4 0.99±0.14
Teff (K) Stellar effective temperature 3214±60 6120±90
[Fe/H] Stellar metallicity 0.26±0.05 0.14±0.04
log(g) Stellar gravity 4.93±0.04 4.360±0.03
u1,K2 Linear limb-darkening coefficient 0.4266 0.3490
u2,K2 Quadratic limb-darkening coefficient 0.3076 0.2937
u1,ground Linear limb-darkening coefficient 0.3402 0.2622
u2,ground Quadratic limb-darkening coefficient 0.3155 0.3017
Table 2. Summary of priors for K2-28b and K2-100b. Priors on stellar parameters for K2-28 are adopted from Hirano et al.
(2016), and from Mann et al. (2017) for K2-100. N (m,σ) denotes a normal prior with a mean m, and standard deviation σ;
U(a,b) denotes a uniform prior with a start value a and end value b.
Parameter Description K2-28b K2-100b
K2-only fit
log(P) (days) Orbital period U(0.353,0.355) U(0.222,0.224)
TC,K2 Transit Midpoint (BJDTDB) U(2456977.98,22456978.00) U(2457140.71,2457140.73)
(Rp/R∗)K2 Radius ratio U(0,0.1) U(0,0.1)
cos(i) Transit inclination U(0,0.2) U(0,0.2)
Table 2 continued
2 http://astroutils.astronomy.ohio-state.edu/exofast/limbdark.shtml 3 https://github.com/gummiks/Diffuser-Assisted-K2-Followup
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Table 2 (continued)
Parameter Description K2-28b K2-100b
log(a/R∗) Normalized orbital radius U(0.9,2.0) U(0.8,1.0)√
ecos(ω) Eccentricity & Argument of periastron 0 (adopted) 0 (adopted)√
esin(ω) Eccentricity & Argument of periastron 0 (adopted) 0 (adopted)
frawK2 Transit baseline for K2 data U(0.9,1.1) U(0.9,1.1)
σK2 Average error for K2 data U(1×10−5,5×10−4) U(1×10−5,5×10−4)
Ground-based-only fit
log(P) (days) Orbital period N (0.35419,0.00002) N (0.223731,0.000012)
TC,ground Transit Midpoint (BJDTDB) U(2457931.88,2457931.92) U(2457828.68,2457828.70)
(Rp/R∗)ground Radius ratio U(0,0.1) U(0,0.05)
cos(i) Transit inclination U(0,0.2) U(0,0.2)
log(a/R∗) Normalized orbital radius U(0.9,2.0) U(0.8,1.0)√
ecos(ω) Eccentricity & Argument of periastron 0 (adopted) 0 (adopted)√
esin(ω) Eccentricity & Argument of periastron 0 (adopted) 0 (adopted)
frawGround Transit baseline for ground-based data U(0.9,1.1) U(0.9,1.1)
DLine Ground detrend parameter: line – U(−0.1,0.1)
Joint-fit
log(P) (days) Orbital period U(0.352,0.356) U(0.222,0.224)
TC,joint Transit Midpoint (BJDTDB) U(2457931.85,2457931.95) U(2457828.68,2457828.70)
(Rp/R∗)ground Radius ratio U(0,0.1) U(0,0.05)
(Rp/R∗)K2 Radius ratio U(0,0.1) U(0,0.1)
cos(i) Transit inclination U(0,0.2) U(0,0.2)
log(a/R∗) Normalized orbital radius U(0.9,2.0) U(0.8.1.0)√
ecos(ω) Eccentricity & Argument of periastron 0 (adopted) 0 (adopted)√
esin(ω) Eccentricity & Argument of periastron 0 (adopted) 0 (adopted)
σK2 Average error for K2 data U(1×10−5,5×10−4) U(1×10−5,5×10−4)
frawGround Transit baseline for ground-based data U(0.9,1.1) U(0.9,1.1)
frawK2 Transit baseline for K2 data U(0.9,1.1) U(0.9,1.1)
DLine Ground detrend parammeter: line – U(−0.1,0.1)
4.1. K2 Light Curve Analysis
We detrended the K2 data using the Everest pipeline
(Luger et al. 2016, 2017), which uses a combination of
Gaussian-Processes (GP) and pixel-level decorrelation to de-
trend K2 light-curves. To independently recover the orbital
period and epoch of first transit for both planets, we used
a Box-Least-Squares (BLS) algorithm (Kovács et al. 2002)
implemented in Python and Fortran available on GitHub4.
Before running the BLS search algorithm, we flattened the
K2 light curve using the best-fit Gaussian-Process model
in Everest describing slowly-varying trends in the K2 light
curve (e.g., due to stellar variability or slow instrumental
changes due to temperature). To ensure that the GP model
was not impacting or over-fitting the transits themselves, af-
ter finding the location of the transits using the BLS algo-
rithm from this first flattening step, we recomputed the Ever-
4 https://github.com/dfm/python-bls
est GP systematic model—using the .compute() function
in Everest—with all of the in-transit datapoints masked out.
We then use this improved GP systematic model to flatten the
K2 light curve for subsequent transit MCMC analysis.
To further improve the period estimate on the transits,
we performed all of our K2 fits on the unfolded K2 data.
To reduce the data volume, we only analyzed the data
obtained within a small window of 0.2days surrounding
the transit centers found by the BLS algorithm. Follow-
ing Kipping (2010), we over-sampled and binned our K2
transit model to match the 30 minute K2 cadence, using
the supersample_factor = 30, and exp_time =
0.02 keywords in batman. In addition to the jump param-
eters discussed above (log(P), TC, Rp/R∗, cos(i), log(a/R∗),
and a transit baseline), we also included an independent fit
parameter describing the average errorbar of the K2 light
curve. We found that the average best-fit errorbar in the K2
data ranged was 50ppm in 30 minute bins for K2-28b, and
40ppm for K2-100b.
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4.2. Ground-based Light Curve Analysis
For our ground-based transit analysis we follow the steps
outlined in Stefansson et al. (2017). To summarize that dis-
cussion, we calculate the total photometric errorbars using
the following equation,
σtot =
√
σ2rel flux +σ2scint, (1)
where σrel flux is calculated using Equation 1 and 2 in Ste-
fansson et al. (2017), and includes the photon, dark, readout
and digitization noise. We calculate the scintillation term for
a given star in units of relative flux as described in Young
(1967) and Dravins et al. (1998), and further expanded by
Osborn et al. (2015), with the following approximation:
σs = 0.135D−
2
3χ1.75(2tint)−
1
2 e
−h
h0
√
1+1/nE (2)
where D is the diameter of the telescope in centimeters, χ
is the airmass of the observation, tint is the exposure time in
seconds, and h is the altitude of the telescope in meters, and
h0 ' 8000m is the atmospheric scale height. The constant
0.135 factor in front has a unit of cm2/3s1/2, to give the scin-
tillation error in units of relative flux. Following the sugges-
tion by Osborn et al. (2015), we note that we have multiplied
this constant factor by 1.5 from the 0.09cm2/3s1/2 value orig-
inally presented in Young (1967) and Dravins et al. (1998),
to better reflect the median value of scintillation noise. Fi-
nally, the
√
1+1/nE reference star term is derived in Ko-
rnilov (2012), and describes the number of uncorrelated ref-
erence stars nE. For our observations, we assumed that all
our reference stars were uncorrelated.
To remove any systematics in the light-curves, we explored
using different simultaneous detrending parameters, includ-
ing airmass, X-and-Y centroid coordinates, and/or a straight
line. From our exploration we determined that adding de-
trending parameters to the K2-28b data did not yield a sig-
nificant improvement to our fits. For the K2-100b data, we
observed that a simple linear slope (detrending with the time
coordinate) was sufficient to take out a small correlated slope
we observed in the raw photometry.
4.3. Joint K2 and Ground-based Light Curve Analysis
After fitting both the K2 data and the ground based sep-
arately, we performed a joint global fit including both the
ground based and K2 data, following the data preparation
steps discussed above. For this fit, we assume that the planets
follow a strict periodic orbit with no transit timing variations.
We perform the joint fits for K2-28b and K2-100b with
9 and 10 independent parameters, respectively. Following
Chen et al. (2018), we allowed Rp/R∗ to vary separately in
the ground-based and the K2 data, while assuming common
values for log(P), TC, log(a/R∗), and cos(i). Similarly for the
K2-only fits, we include one parameter describing the mean
error in the K2 data. Additionally, we include two indepen-
dent parameters describing the transit baselines for the K2
and ground-based data. Finally, for the K2-100b data, we
included an additional detrending parameter describing the
linear slope in the data for a total of 10 independent parame-
ters. The priors we used for these parameters are summarized
in Table 2.
5. RESULTS
Figure 1 shows the transits studied in this work. The top
panels show the the best-fit phase-folded K2 data, and the
middle panel shows our ground-based transits. The ground-
based transits are shown with errorbars including photon,
read, dark and scintillation noise, as calculated by equation 1.
Following Stefansson et al. (2017), in the middle panel, we
compare the mean photometric errorbar from photon, read
and dark noise (σphot; shown in green) to the errorbar due to
scintillation only (σscint; shown in orange). We estimated the
mean scintillation errorbars using the mean airmasses of 1.58
and 1.06, for our K2-28b and K2-100b observations, respec-
tively. For both observations, we see that the scintillation er-
rors similar in magnitude to the total errorbar due to photon,
read and dark noise.
The bottom panels in Figure 1 show the standard devia-
tion of the best-fit residuals as a function bin size for our
ground-based observations, calculated using the MC3 code
(Cubillos et al. 2017) which produces errorbars assuming the
RMS scatter follows an inverse-gamma distribution for the
highest bin sizes. Additionally shown in red is the Gaussian
expected precision, assuming white noise behavior with in-
creasing binning sizes. For K2-28b, we achieve a precision
of σ30min = 105+37−81 ppm, and a precision of σ30min = 38
+21
−11 ppm,
for K2-100b. For our K2-100b observations, we see statisti-
cal fluctuations at the highest binning times, i.e., where the
number of bins are the smallest, dipping below the Gaussian
expected precision. The expected Gaussian precision for K2-
100b is 80ppm in 30 minutes bins, which is a more conser-
vative estimate of the precision at that binning level.
6. DISCUSSION
The ground-based diffuser-assisted observations presented
here allow us to improve the orbital parameters for K2-28b
and K2-100b in two key areas. First, our observations jointly
modeled with the K2 data, provide a significant improvement
to the orbital ephemerides from the K2 data alone. For K2-
28b, we closely compare our orbital ephemerides update to
the recent work by Chen et al. (2018). Second, our improved
observing cadence from the ground allows us to resolve the
transit shape better than in the under-sampled V-shaped K2
transits, giving us better constraints on the orbital inclination
i, and the orbital semi-major axis a/R∗ for both planets. Ad-
ditionally, for K2-28b, we take a closer look at the available
broad-band transit depth values for K2-28b, and look for any
emerging patterns in its radius as a function of wavelength.
We finally end our discussion about the feasibility for future
follow-up observations with radial velocity observations.
6.1. Improved Orbital Ephemerides
Our ground-based observations extend the observing base-
line from the 80-day K2 observing baseline to a baseline of
over 2-years for both planets, directly resulting in an im-
proved measurement of the orbital ephemeris from our joint
fits. Figure 2 compares our ephemerides from our K2-only
analysis (in blue) with our updated joint-fit ephemerides (in
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Figure 1. Transits of a) K2-28b and b) K2-100b. Top panels: Best-fit phase-folded transits of the K2 data analyzed in this work. Middle panels:
Diffuser-assisted ground-based transits as observed with the diffuser on the ARC 3.5m Telescope at APO. The unbinned data are shown in blue
with a cadence of 32s and 16s for K2-28b and K2-100b, respectively. The gray points are 5 minute bin points. Additionally shown are the mean
errorbars from photon, dark, and read noise (green errorbar; σphot) and the errorbar due to scintillation (orange errorbar; σscint). The gaps in the
K2-100b were due to clouds. Bottom panels: Photometric precision as a function of bin size in minutes.
green). We see that our updated transit ephemerides are in
both cases consistent with the ephemeris derived from the
K2 data alone, within the 1σ shaded region. Additionally,
Figure 2 demonstrates that at the start of the nominal JWST
era in March 2021, the 1-σ ephemerides errors improved
by an order of magnitude by adding our ground-based ob-
servations to our K2-only analysis—from 25min down to
∼1.5min for both planets—allowing for efficient scheduling
of future JWST observations.
For K2-28b, we further compare our updated ephemeris
with the ephemeris in Chen et al. (2018) (shown in purple in
Figure 2), and the transits observed in Hirano et al. (2016)
(orange, and red points in Figure 2). From our joint K2-
and ground-based diffuser-assisted observations, we derive
an ephemeris of,
Pjoint = 2.2604455±0.0000010,
TC,joint = 2457931.89780+0.00036−0.00037.
(3)
This ephemeris differs slightly from the ephemeris presented
in Chen et al. (2018),
Pjoint = 2.2604380±0.0000015,
TC,joint = 2457796.26865+0.00048−0.00049,
(4)
as is evident from the non-overlapping green and purple re-
gions in Figure 2. We quantify the disagreement to be at the
3σ level at the time of our observations on June 26th 2017
UT, and at the 10 minute level at the start of the JWST era in
2021. This discrepancy could be caused by two main sources.
First, systematics could be present in both or either of the
light-curves slightly offsetting the transit midpoints, impact-
ing the derived planet period. In particular, Chen et al. (2018)
report a modest < 1.4σ dependence between the length of
the out-of-transit baseline they used to detrend the transit,
and the value of their transit center TC, which could bring
our transit midpoints to within 2σ agreement in some cases.
Second, this difference could be caused by potential tran-
sit timing variations, which could be indicative of a second
planet orbiting in the system. We reserve transit timing vari-
ation analysis for the K2-28b system for future efforts. Al-
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though modest, this discrepancy highlights the importance of
repeated follow-up observations to reduce systematic uncer-
tainties in transit ephemerides.
6.2. Improved Orbital Parameters
Our faster observing cadence obtained from the ground
than the 30 minute K2 cadence allows us to resolve the transit
shape better, yielding tighter constraints on the inclination i
and the scaled semi-major axis a/R∗ for both transits. From
Table A1 and Table A2, we see that our ground-based val-
ues agree to within 1σ to our K2-only analysis values, pro-
viding further evidence that these transits are not due to an
astrophysical false positive (e.g., a blended stellar eclipsing
binary).
For K2-28b, we prefer a slightly larger radius of Rp =
2.56+0.27−0.26R⊕ in the K2 band, than the radius from Hirano
et al. (2016) of Rp = 2.32±0.24R⊕, and the radius from Chen
et al. (2018) of Rp = 2.30+0.26−0.28R⊕, but all values agree within
1σ. We further note that our joint fit Rp = 2.48± 0.26R⊕
radius in the SDSS i′ band, agrees well with the Spitzer ra-
dius presented in Chen et al. (2018) of Rp = 2.45± 0.28R⊕.
For K2-100b, our radius of Rp = 3.45+0.16−0.15R⊕ in the K2 band,
and the moderately larger Rp = 3.71+0.20−0.19R⊕ in the SDSS i
′
band, agrees well with the radius from Mann et al. (2017) of
Rp = 3.5± 0.2R⊕. With respect to K2-100b’s transit depth,
our observations yield a transit depth of 819±50ppm in the
SDSS i′ band, consistent with our K2-only transit depth of
689+6−5 ppm at the 2− 3σ level. We further discuss the radius
of K2-28b as a function of wavelength in further detail in the
following subsection below.
6.3. K2-28b: broad-band radii as a function of wavelength
To study the emerging picture of K2-28b’s transmission
spectrum from the growing number of available ground and
space based radius measurements, in Figure 3 we compare
the measured Rp/R∗ from this work from our K2 and ground-
based analyses, along with the ground-based z′, J, H and
KS values from Hirano et al. (2016), and the Spitzer 4.5µm
Rp/R∗ values presented in Chen et al. (2018), and an inde-
pendent analysis of the same Spitzer transit by Guo et al.
(2018) (see numeric values in Table 3). We note that the
SDSS r′ band radius measurement presented in Hirano et al.
(2016) of Rp/R∗ = 0.063+0.009−0.011 is discrepant to ∼2σ with the
other values in Table 3, potentially due to systematics present
in the partial transit observations. For clarity, we decided
to omit this point from our overview in Figure 3. Further-
more, we note that Hirano et al. (2016) present two separate
analyses of their ground-based observations: A) an analy-
sis that imposed an airmass cutoff of <2.2 for the partial-
transit SDSS r′ and z′ observations, and where they used
time-varying photometric apertures to extract the J, H, and
KS observations, and B) an analysis without any airmass cut-
offs, and where they used fixed photometric apertures for all
observations. Here we specifically chose the former analy-
sis, which we deemed more robust, and less susceptible to
systematics. Lastly, from Figure 3 we see a difference in the
Spitzer analyses to within 1σ presented in Guo et al. (2018)
and Chen et al. (2018), which will be further discussed below.
Table 3. RP/R∗ measurements in different bands for K2-28b.
The SDSS r′ radius measurement from Hirano et al. (2016) is
discrepant to ∼2σ, and we did not include it in Figure 3 for
clarity.
Band Band Center Rp/R∗ Reference
(nm)
SDSS r′ 630 0.056+0.009−0.010 Hirano et al. (2016)
Kepler/K2 636 0.0763+0.0056−0.0027 This Work
SDSS i′ 770 0.0783+0.0036−0.0037 This Work
SDSS z′ 869 0.077+0.005−0.004 Hirano et al. (2016)
SDSS J′ 1246 0.063+0.007−0.007 Hirano et al. (2016)
SDSS H′ 1639 0.073+0.007−0.007 Hirano et al. (2016)
SDSS K′S 2154 0.086
+0.005
−0.006 Hirano et al. (2016)
Spitzer 4.5µm 4500 0.0795+0.0022−0.0023 Chen et al. (2018)
Spitzer 4.5µm 4500 0.0760± 0.0019 Guo et al. (2018)
To further illustrate, we overlay a simulated cloud-free
solar-metallicity transmission model of K2-28b in Figure 3.
We calculated the cloud-free transmission model using the
freely available PandExo (Batalha et al. 2017b) code, which
uses the open-source ExoTransmit (Kempton et al. 2017)
code to model the transmission spectra. For this simulation
we assume a hydrogen-helium dominated composition with
a mean molecular weight of µ = 2.3mH. To calculate a trans-
mission spectrum we need the mass of K2-28b to estimate its
planetary surface gravity. As the mass of K2-28b is currently
unknown, then as further discussed in Section 6.4, we predict
the mass of K2-28b using the probabilistic mass-radius rela-
tion code Forecaster (Chen & Kipping 2017). Using our
best-fit radius of Rp = 2.56+0.26−0.27R⊕ from our joint ground and
K2 fits, Forecaster predicts a mass of 7.81M⊕+5.92−3.08M⊕,
which we use to estimate a median planetary surface grav-
ity of g = 11.3ms−1. Furthermore, in PandExo, we input a
planetary equilibrium temperature of Teq = 500K, the closest
available grid value to our derived equilibrium temperature of
Teq = 421+29−32 K from our joint-fits, assuming a bond-albedo of
0.3 (see Table A1). Following Diamond-Lowe et al. (2018),
the input radius used in Exo-Transmit/PandExo is the
planet radius without an atmosphere, and thus smaller than
the radius measured by transit observations by an amount
that depends on the atmospheric composition, temperature,
and gravity—and changing this radius alters the amplitude of
the model features as well as the overall depth of the model.
As these values are uncertain for K2-28b, we calculated a
number of transmission spectra in steps of 0.1R⊕ close to
our best-fit value of 2.5R⊕, until we achieved a transmission
spectrum that visually agreed with the ground-based mea-
surements in Figure 3. The non-atmosphere input radius to
PandExo that visually agreed best with the data in Figure
3, was 2.3R⊕. No attempt was done to fit a best-atmospheric
model, or look at atmospheres dominated by clouds, given
the large errorbars and the limited constraints the current ob-
servations provide. We leave it to future observations either
from JWST and/or the upcoming instruments on the upcom-
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Figure 2. Updated ephemerides for a) K2-28b and b) K2-100b. The shaded blue regions show the ephemerides derived from the K2-only fits
in this work, and the green-shaded regions show the ephemerides derived from our joint K2 and ground-based fits. A nominal beginning of
the JWST-era is shown in the gray-shaded area, assuming a launch date of March 30th, 2021. Additionally shown for K2-28b (left panel) are
midpoints derived from Hirano et al. (2016) (orange and red points), along with a comparison to the Chen et al. (2018) K2+Spitzer ephemeris.
ing Extremely Large Telescopes to gather further insight into
K2-28b’s atmosphere.
With K2-28b’s flux peaking in the NIR, the instruments on
JWST provide a compelling opportunity to study K2-28b’s
atmosphere, as has been mentioned by many groups (Hirano
et al. 2016; Chen et al. 2018). To quantify the feasibility
to observe the transmission spectrum of K2-28b, in Figure
3 we also show the expected JWST spectrum for K2-28b for
the same cloud-free model calculated using PandExo, using
NIRISS in Single Object Slitless Spectroscopy (SOSS) mode
after 5 transit observations of K2-28b binned to a resolving
power of R = 50. This simulation assumes a 1x transit length
before and after the transit as an out-of-transit baseline. We
calculated the transmission spectrum for NIRISS in SOSS
mode, as NIRISS in SOSS mode yields the highest infor-
mation content for any single JWST disperser combination
(Batalha & Line 2017). Pandexo optimized the observation
to use the GR700XD grism available for NIRISS. Although
we will not know the actual precision of JWST until after
launch and commissioning, for these calculations we follow
Greene et al. (2016) and assume a flat systematic noise floor
of 20ppm. From Figure 3, we see that if K2-28b has a clear
atmosphere, JWST/NIRISS will have sufficient sensitivity to
discern between a structured clear atmosphere, and a cloudy
flat atmosphere5. If K2-28b is observed to have a flat trans-
mission spectrum, that would be consistent with the rising
statistical trends of flat cloudy spectra for cold Neptune plan-
ets (Crossfield & Kreidberg 2017). As further mentioned by
Chen et al. (2018), for planets with flat transmission spec-
tra, secondary eclipse observations offer an important and
complementary window into the atmospheres of such plan-
ets, and they show that K2-28b is the only small < 3R⊕ and
cool < 600K planet aside from GJ 1214b with a potentially
5 We decided to omit a cloudy flat-line transmission spectrum from Figure
3 for clarity.
detectable secondary eclipse with JWST.
However, due to the degeneracies between atmospheric
compositions and planet surface gravities (Batalha et al.
2017a), to use the full potential of transmission modeling,
there is a great need to measure K2-28b’s mass. We further
discuss the possibility of following up K2-28b with radial
velocity measurements in the following subsection.
6.4. Possibility for future RV observations
Due to their brightness, both K2-28b and K2-100b are
amenable for follow-up observations with precise radial ve-
locity spectrographs to measure their masses. Doing so will
give key insights into the composition of both planets, and
also break important degeneracies present in transmission-
modeling, as was discussed above. As mentioned further
above, measuring the mass of K2-100b will yield informa-
tive insight into the masses of relatively young planets (800
Myr), being one of few transiting planets in a cluster known
to orbit a bright enough planet-host for precision RV obser-
vations. Lastly, obtaining a number of high-precision radial
velocity observations, can also allow us to discern if there
might be more planets present orbiting these systems.
To calculate the expected RV semi-amplitude of both plan-
ets, we predicted the masses for both K2-28b and K2-100b
using the Forecaster (Chen & Kipping 2017) probabilistic
Mass-Radius-relation modeling code, using the best-fit radii
and other orbital parameters from our MCMC fits as in-
puts. Figure 4 shows the expected mass, and RV semi-
amplitude posteriors for both planets. We estimate a mass
of 7.18+5.92−3.08M⊕, and 11.81
+9.30
−5.34M⊕, for K2-28b and K2-100b,
respectively. For K2-28b, we note that we predict a slightly
lower mass than reported in Chen et al. (2018) of 8M⊕. Us-
ing these predicted masses, Forecaster classifies both planets
as 100% Neptunian, where the transition point between Ter-
ran and Neptunian composition is defined as 2.04+0.66−0.59M⊕,
and between Neptunian and Jovian as 0.414+0.057−0.065MJ . This is
consistent with what we would expect from the radius gap
presented in Fulton et al. (2017). Using these predicted mass
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Figure 3. Comparison of Rp/R∗ values of K2-28b in different bands from this work, showing diffuser assisted observations (blue point) K2 data
(orange point), ground-based observations from Hirano et al. (2016) (green points), and Spitzer observations from Chen et al. (2018) and Guo
et al. (2018) (red and purple points). Additionally overlaid is a model cloud-free transmission-spectrum of K2-28b calculated using PandExo,
assuming a predicted mass of 7.18M⊕. We see that the current broad-band observations are not precise enough to draw any conclusions
regarding the atmospheric structure of K2-28b. However, if K2-28b has a clear atmosphere, we do show that JWST/SOSS will be able to
resolve its atmospheric structures in a modest number of 5 transits.
values, we calculated the expected RV semi-amplitude K, us-
ing Equation 14 from Lovis & Fischer 2010,
K =
28.4329ms−1√
1− e2
m2 sin i
MJup
(
m1 +m2
M
)−2/3( P
1yr
)−1/3
, (5)
where e is the eccentricity of the planet orbit, i is the best-fit
inclination from the transit, m1 is the mass of the star, m2 is
the (predicted) mass of the planet, and P is the orbital period.
For the masses of the star, we assumed that the masses were
Gaussian distributed about the mean and the σ given in Ta-
ble 1. From Equation 5, we estimate RV semi-amplitudes of
12.03+9.92−5.16 m/s and 5.29
+4.17
−2.39 m/s for K2-28b, and K2-100b,
respectively. Being an M-dwarf, K2-28 will be most effi-
ciently observed with precise ultra-stabilized near-infrared
radial velocity spectrographs, including e.g., CARMENES
(Quirrenbach et al. 2012), the stabilized Habitable-zone
Planet Finder (HPF; Mahadevan et al. (2012); Stefansson
et al. (2016)), the Infrared Doppler Instrument (IRD) for
Subaru (Kotani et al. 2014), or Spirou (Artigau et al. 2014).
Meanwhile K2-100b would be most efficiently be observed
in the optical by e.g., CARMENES (Quirrenbach et al. 2012),
ESPRESSO (Pepe et al. 2014), EXPRES (Jurgenson et al.
2016), G-CLEF (Szentgyorgyi et al. 2012), HARPS (Mayor
et al. 2003), or NEID (Schwab et al. 2016), and/or other in-
struments in the growing worldwide network of precision ra-
dial velocity spectrographs (Wright & Robertson 2017).
7. SUMMARY AND CONCLUSION
We present two high precision ground-based transits of the
recently discovered Neptune-sized planets K2-28b and K2-
100b, using the ARCTIC imager on the ARC 3.5m Tele-
scope at APO. To achieve high precision photometry, we
use the Engineered Diffuser recently commissioned on ARC-
TIC (Stefansson et al. 2017), allowing us to maintain a
broad and stable top-hat PSF throughout the night to max-
imize our observing efficiency. We achieve a precision of
1532±101ppm and 358±20ppm in 1 minute bins, and a pre-
cision of 105+87−37ppm and 38
+21
−11ppm in 30 minute bins, for K2-
28b and K2-100b, respectively. These high-cadence, high-
precision observations allow us to resolve the transit shape
better than in the under-sampled V-shaped K2 transits, yield-
ing improved constraints on the orbital parameters for both
transits. For K2-100b, the observations presented here is the
first ground-based light curve of this challenging-to-observe
transit, yielding a transit depth of 819±50ppm in the SDSS
i′ band, consistent with the K2 transit depth of 689+6−5 ppm at
the 2−3σ level.
Jointly modeling our ground-based transits with data from
K2, we provide an order of magnitude improvement in the
orbital ephemerides from our K2-analysis alone, allowing us
to predict the timing of transits to within 2 minutes for both
planets at the start of the JWST era in 2021. For K2-28b, we
compare our ephemeris updates to the recent work by Chen
et al. (2018) using Spitzer observations, showing a slight dis-
agreement in the timing of the transits in the early JWST
era or at the ∼10min level (3− 4σ). Although modestly dis-
crepant, this disagreement will not preclude from efficient
scheduling of transits with JWST, but it highlights the im-
portance of more than one transit follow-up observations to
assess the the timing accuracy of transit ephemerides.
Our K2-28b light-curve in the SDSS i′ band adds to the
growing body of broad-band measurements of its radius. To
look at the emerging picture of K2-28b’s transmission spec-
trum, we compare available the planet radius measurements
for K2-28b from this work and from broad-band transit ob-
servations from the ground (Hirano et al. 2016) and from
Spitzer (Guo et al. (2018); Chen et al. (2018)). In doing
so, we show that the currently available radius measure-
ments are not precise enough to distinguish between a struc-
tured clear atmosphere or a cloudy flat atmosphere. Using
the online predictive tool PandExo, we demonstrate that
JWST/NIRISS in SOSS mode will have enough sensitivity
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Figure 4. Predicted masses and radial velocity semi-amplitudes for a) K2-28b, b) K2-100b. Masses are predicted from the best-fit radii using
Forecaster (Chen & Kipping 2017), and the expected RV semi-amplitude is calculated using Equation 5, using the predicted mass and the
best-fit parameters obtained from the joint-fit models in this work as inputs.
in a modest number of transits (∼5) to discern if K2-28b has
a cloudy or clear atmosphere.
We show that there is a great need to measure the masses
of K2-28b and K2-100b. First, to accurately model the trans-
mission spectra of K2-28b, its mass is essential to break
degeneracies that exist between atmospheric composition
and surface gravity (Batalha et al. 2017a). Second, K2-
100b is one of few planets known to transit a host star
in a cluster bright enough (V = 10.5) to enable precision
radial velocity observations. With this in mind, we use
the probabilistic mass-radius relation in the Forecaster
(Chen & Kipping 2017) package to predict that K2-28b
has a mass of 7.18+5.92−3.08M⊕ and an RV semi-amplitude of
K = 12.03+9.92−5.16 ms
−1. Similarly, we predict that K2-100b
has a mass of 11.81+9.30−5.34M⊕ and an RV semi-amplitude of
K = 5.29+4.17−2.39 ms
−1. These values demonstrate that both plan-
ets are within reach of current high-precision radial velocity
spectrographs in the optical and/or NIR.
We conclude that diffuser-assisted photometry can play an
important role in the TESS era to perform timely and precise
follow-up of the expected bounty of planet candidates that
TESS is expected to find.
All of the photometry and associated Python analysis
code for this paper is captured in Jupyter notebooks freely
accessible on GitHub6.
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APPENDIX
A. BEST FIT PARAMETERS FOR K2-28B AND K2-100B
Table A1. Best fit MCMC parameters for K2-28b, including 1σ errorbars. Values are shown for our K2-only, diffuser-assisted ground-based
observations only, and joint K2 and ground-based analyses, respectively. For our joint fits, we had independent parameters for the Rp/R∗
values in the two different bands (K2 band, and SDSS i′), resulting in slightly different values derived for the planet radii, transit depths, transit
durations, and transit ingress/egress durations. These values are separated with a (K2), or (Ground), respectively. The eccentricity and argument
of periastron were fixed at 0 for all fits.
Parameters Description K2 Ground Joint fit (adopted)
T0 (BJDTDB) Transit Midpoint 2456977.98986+0.00026−0.00027 2457931.89782
+0.00039
−0.00039 2457931.89780
+0.00036
−0.00037
P (days) Orbital period 2.260443+0.000020−0.000020 2.26044
+0.00010
−0.00010 2.2604455
+0.0000010
−0.0000010
Rp/R∗ (K2) Radius ratio 0.0763+0.0056−0.0027 – 0.0817
+0.0032
−0.0034
Rp/R∗ (Ground) Radius ratio – 0.0783+0.0037−0.0036 0.0790
+0.0032
−0.0032
Rp(R⊕) (K2) Planet radius 2.42+0.27−0.25 – 2.56
+0.27
−0.26
Rp(R⊕) (Ground) Planet radius – 2.46+0.28−0.26 2.48
+0.26
−0.26
Rp(RJ) (K2) Planet radius 0.216+0.025−0.023 – 0.229
+0.024
−0.024
Rp(RJ) (Ground) Planet radius – 0.219+0.025−0.023 0.221
+0.024
−0.023
δ (K2) Transit depth 0.00583+0.00089−0.00040 – 0.00667
+0.00054
−0.00054
δ (Ground) Transit depth – 0.00612+0.00059−0.00055 0.00625
+0.00052
−0.00050
a/R∗ Normalized orbital radius 16.9+2.7−3.8 14.2
+2.9
−2.2 14.2
+2.4
−1.7
a (AU) Semi-major axis 0.0222+0.0044−0.0050 0.019
+0.0043
−0.0036 0.0191
+0.0037
−0.0029
ρ∗,transit (g/cm3) Density of star 17.9+10.0−9.6 10.7
+8.0
−4.3 10.7
+6.4
−3.4
i (◦) Transit inclination 88.2+1.3−1.5 87.18
+1.1
−0.97 87.1
+0.90
−0.74
b Impact parameter 0.54+0.22−0.34 0.701
+0.095
−0.19 0.72
+0.075
−0.14
e Eccentricity 0.0+0.0−0.0 0.0
+0.0
−0.0 0.0
+0.0
−0.0
ω (◦) Argument of periastron 0.0+0.0−0.0 0.0
+0.0
−0.0 0.0
+0.0
−0.0
Teq (K) Equilibrium temp. (assuming a = 0.3) 387.0+53.0−28.0 422.0
+39.0
−38.0 421.0
+29.0
−32.0
S (S⊕) Insolation Flux 15.6+10.0−4.0 21.9
+9.3
−6.9 21.9
+6.8
−6.0
T14 (days) (K2) Transit duration 0.0398+0.0026−0.0012 – 0.0409
+0.0018
−0.0017
T14 (days) (Ground) Transit duration – 0.0416+0.0027−0.0019 0.0407
+0.0017
−0.0016
τ (days) (K2) Ingress/egress duration 0.0039+0.0032−0.0011 – 0.0060
+0.0022
−0.0018
τ (days) (Ground) Ingress/egress duration – 0.0056+0.0026−0.0019 0.0058
+0.0021
−0.0018
TS (BJDTDB) Time of secondary eclipse 2456979.12008+0.00025−0.00026 2457933.02804
+0.00039
−0.00039 2457933.02802
+0.00036
−0.00037
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Table A2. Best fit MCMC parameters for K2-100b, including 1σ errorbars. Values are shown for our K2-only, diffuser-assisted ground-based
observations only, and joint K2 and ground-based analyses, respectively. For our joint fits, we had independent parameters for the Rp/R∗
values in the two different bands (K2 band, and SDSS i′), resulting in slightly different values derived for the planet radii, transit depths, transit
durations, and transit ingress/egress durations. These values are separated with a (K2), or (Ground), respectively. The eccentricity and argument
of periastron were fixed at 0 for all fits.
Parameters Description K2 Ground Joint fit (adopted)
T0 (BJDTDB) Transit Midpoint 2457140.71940+0.00029−0.00029 2457828.69239
+0.00074
−0.00056 2457828.69348
+0.00045
−0.00042
P (days) Orbital period 1.673911+0.000011−0.000012 1.673906
+0.00005
−0.00005 1.6739024
+0.0000012
−0.0000011
Rp/R∗ (K2) Radius ratio (K2) 0.02625+0.00011−0.00011 – 0.02646
+0.00061
−0.00028
Rp/R∗ (Ground) Radius ratio (Ground) – 0.02862+0.00091−0.00091 0.02864
+0.00094
−0.00092
Rp(R⊕) (K2) Planet radius (K2) 3.41+0.14−0.14 – 3.45
+0.16
−0.15
Rp(R⊕) (Ground) Planet radius (Ground) – 3.71+0.20−0.19 3.71
+0.20
−0.19
Rp(RJ) (K2) Planet radius (K2) 0.304+0.013−0.013 – 0.308
+0.014
−0.014
Rp(RJ) (Ground) Planet radius (Ground) – 0.331+0.018−0.017 0.331
+0.018
−0.017
δ (K2) Transit depth (K2) 0.000689+0.000006−0.000005 – 0.000700
+0.00003
−0.00002
δ (Ground) Transit depth (Ground) – 0.000819+0.00005−0.00005 0.00082
+0.00005
−0.00005
a/R∗ Normalized orbital radius 8.181+0.093−0.15 7.36
+0.37
−0.67 7.77
+0.42
−0.81
a (AU) Semi-major axis 0.0452+0.0020−0.0020 0.0404
+0.0030
−0.0036 0.0426
+0.0031
−0.0044
ρ∗,transit (g/cm3) Density of star 3.7+0.13−0.20 2.69
+0.43
−0.67 3.17
+0.54
−0.90
i (◦) Transit inclination 88.98+0.69−0.69 87.5
+1.7
−1.9 87.5
+1.7
−2.0
b Impact parameter 0.146+0.094−0.098 0.32
+0.19
−0.21 0.34
+0.20
−0.23
e Eccentricity 0.0+0.0−0.0 0.0
+0.0
−0.0 0.0
+0.0
−0.0
ω (◦) Argument of periastron 0.0+0.0−0.0 0.0
+0.0
−0.0 0.0
+0.0
−0.0
Teq (K) Equilibrium temp. (assuming a = 0.3) 1060.0+17.0−17.0 1119.0
+53.0
−34.0 1089.0
+61.0
−33.0
S (S⊕) Insolation Flux 877.0+58.0−55.0 1090.0
+220.0
−130.0 980.0
+240.0
−110.0
T14 (days) (K2) Transit duration (K2) 0.06627+0.00036−0.00037 – 0.06682
+0.00056
−0.00045
T14 (days) (Ground) Transit duration (Ground) – 0.071+0.0013−0.0014 0.06698
+0.00058
−0.00047
τ (days) (K2) Ingress/egress duration (K2) 0.001739+0.00007−0.00004 – 0.00194
+0.00055
−0.00022
τ (days) (Ground) Ingress/egress duration (Ground) – 0.0022+0.00052−0.00022 0.00210
+0.00058
−0.00023
TS (BJDTDB) Time of secondary eclipse 2457141.55635+0.00029−0.00029 2457829.52935
+0.00075
−0.00056 2457829.53043
+0.00045
−0.00042
